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Abstract, ‘1’his paper prcsenls the dcvclopmcnt of an alg(jr ithm to rctricvc [hc  canopy

water  content  of natural g r a s s l a n d s  ar)ci  pastul c from synlhctic arxrlurc radar (SAR)
nlcasurcnlcrlts. “1’hc dcvclojmcnt of this algorithm ilwo]vcs  thlcc intcl-] elated steps: ( 1 )
c:ilibration of’ SAR data for ground topographic val-iations, (2)  cicvclopment  and validation
of’ bmkscatter model  for grass canopies, ,-tnd (3)  cstinlation of c a n o p y  w a t e r  contcnl by

inver t ing  a backscattcrccl rnocfcl fol cross-polal  izcd ratio. “]’hc polarimctric  radar ciata

acquired by the Jet Propulsion 1.rrhoratmy  AI RSAR  systcm  during the 1989 l~i!-st
international Satellite Land Surface Climatology Pmjcct  (1S1 SC]’) I~ic.ld Iixpcrimcnt
(Fll:ll) alc USCCI fol- this study. I’hc SAR data have been calibrated and corrcctcd for the
topographical eficcts by using  the digital elevation map of the study area. 7’hc
backscattcring coctlicicnts obtained f]om the SAR data fol each pixel are related to the
canopy and soil parameters by cmploving a discl  ctc r:llldom nlcdi:l model for v~getation.
~ be rnodcl sin~l]]ations  ir~dicatc  t]]at  ~ion~ass  v:ll ia[ic)ns  an(i  $+ Urf:lcc  trcatrncnts (bUI I)dd

il]]d unburned) of grass canopies aflcct the (’-band backscatter  signal  but dots not
inffucncc the 1.-band signal. ‘1’his model is then validated and adj  Llstcd over training aI eas
where ground rneasurcrncnts were co]lcctcd. AI I irlvcrsion tcchniquc is proposed to
estimate the canopy water content by usin:,  the crc~ss-pola]  izcd aIILl copolarizcd rati[)s  of
the SAT< data at ~ band. l’he result of the ilwcrsion algo]-ithm  SIIOVS a good agrccmcnt
with the grass biomass data collcctcci  during l;ll ‘1. 1989 intensive field campaign.

1. Introduction

‘1’hc main objective of the lr~tcrnationai Satellite 1 and SLir-

facc Climatology Project (ISI,SCP)  is to understand the role of
biology in controlling the in[cractions  bct~vccn  the atrl)osl]llcre
and the vegetated land surface ancj to investig:itc tlIc osc of
rCnlOtC Sensing tcchniq  Llcs lcr infer Clilll:ltol[lgic:l  lly  Si!JllifiCa Ill

land surface  parameters  [St’llcrs et al., 1992]. Anmng  thC
I’,ar(b”s ecosystems, grasslands. covering 21100S( 17~/ of the
kind surfrrcc and 30% of the United Sta[cs land, are considered
:.,1 in)port ant vegetat ion type in clim:ite  stLldic  S [/fj[ay  (’/ C71.,

J’)77].  T’he  F’irst ISIXT Iicld I!xpcrirncnt (l;l[; l.) wa~ c o n -
ducted over gIasskInds  in the Konza Prairie research oalLlrai
area. Monitoring the moist Llrc status  and the arlloLlnt of VCg-
ctation  over this area wm one the primary objectives of the
expcrirl]cnt. I)llring  the cq)crimcnt,  d i rect  nlc:isLl[cn]c!lts of
SLlrPdcc  parameters were loca[iz,cd in small areas which can
ill[r[X~LlcC  er rors ,  when t}lc paranletcrs  arc LISCd irl ~lIcKIC]S
appropriate for ]argc scales  (e.g., nlcsoscalc and gerrcral circL]-
Iation n~odc[ grid size).  l-his is n)air)ly drrc to the fact th:lt the
cst(n)atioll  of these V:lri:lblcs for larg,c areas is highly  dCpcl}-
dcnt or] tllcir Sp:ICC and tir~)c variability which in tLllll is ([UC tO
variations ir] sl]rfilcc a(triblltcs, disturbances, and erwiiotlnlen-
t:l] conditions.  RcnlOtc scnsirlg nlc[bods C:in pIOVi(!L’ USCfLll
nlCalls  to n~oni[or  sLlrf:\cc par:~n~ctcrs  and  to  dCliVCr  USCfLll
information on various scales.

As part  of remote sensing  activities cio[ing  l;ll; l., microwave

sensors (radar ;ind radiometer) were deplovcd with the prom-
ise of n)appinx  s o i l  m o i s t u r e  an(l canopy bionlass over ttlc
entire stuciy area. Tkw pararmtcrs aIc of fundamental inl-
por tancc to sludyin!g  tiIc ilycirologicai  and Wologtc:li  proccsscs
thlmugh  cv:ip(}trilrlspir:lti~ll]  arlci  photosynthesis. Microwave rc-

IIlotc sensing have dcnlonslralcci  stroog  sensitivity to the sLlr-
facc nloisture  because the primary physiciil  properties that
aflcct tile microwave olcasurcnlcr)ls  is Ciircc[ly ciepcncicnt  on

thL’ :lOIOUOt Of W21tCr,  } 10WCVCr,  this sensitivity iS Contanlill:ltd
by other sLlrfacc features suci) as tylx  and  :ircbitcctLlrc of

vegetation, SLII  face roLlghncss, aoci phonological cicvclopmcnts.
Ooc of the cilallcnging  prohlcrns in microwave remote SCIIS-

ing for rnoni[orin~  aodk~r extracting, in forma tiorl is to dccon-
VOIVC the cflccts  of soil and vegetation in the measured data.
I;Or n10dCr21tCl~ VCgCt:llCLf  land sorfaccs  Wch a s  ~griCUltllr:l[

ficids or natural pasture, tile  accuracy of the soil moisture

estimiitiorl dccrcascs  ciur to tbc sensitivity of rniclowavc signals
to Canopy water content and structural characteristics [Ulaby  et
al.,  1986;  SChmIKLK  e[ al., 1988].  St LILiics over grasslands have
sh(wrl  tilat microwave mcasLlrcnmnts also vary as a function Of
the surface treatments (bLlrncci  an(i unburned) [Wang et al.,
l~~(); &/{/r/j/~ ~>t a/, 1~~~],

In this paper wc present a rncthod  for separaLirlg the effect
of soil n~oistLlrc and canopy water content in the polarirnctric
SAR (swrthctic  apcrtL]rc r:ictar) data over the Konza Prairie

Copyright 1995  by the An)~~ican  Geophysical Union. grassi:;rk and csiirnating  the canopy water content over the

Pai]cr nun]bcr 95JDO0852. eurirc  study area. Our approach involves three steps: (1) dc-
J I l&0227/95/95 JI>-00852$[)5.00 vcloprnent  of a backscatter  model to simulate the polarinlctric
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SAR data, (2) validation of the model 10 insult tha[ [1)1 pre-
dicted  backsca(tcrinp,  cocflicic.  nls flonl (I)C model aL+Icc  with
t h e  memurtxl valocs,  and (3) dcvcloprncrrt of an Ilivcrsion
algorithm by morning the measured and prcdictd bdwattcr
from the canopy arc qua]. “J’hc crmtcnt of lhis papc] is orga-
nimd  Lis follows: 10 section 2 the AI RSAR cxpcrimcnl  and the
characteristic of the study area arc discLlssed.  Scctioll 3 con-
ccntralcs cm the correction of the St\I{ data for topog! al)hical
cfl’ccts by using the digi[al elevation map (l)l{M)  of the study
area. in section 4 a pcrhirirnctric backscattcr  model for gtass
caoopics  is dcvclopcd  ancl  the nmdcl simulations arc wilidatcd
by using SAR bfickscattcr  data. l’hc propcttics  of the back-
scattcr mocicl arc then uscci to separate the. soi( and vcgclation
cft’ccts and to develop an inversion algoritbnl  for cstinlating
canopy water content in section 5. The accolacy  ancl limitations
of the algorithm arc analyzed by using the groLInd  nlcasorc  -
mcnts  ob(airml  from FJI1~l, in(cnsive field can~paig!ls.

2 0 Experiment
Site Description

lhc FIFE  experimental site is a 15 km X 15 km area Iocatcd
within the Korrza Prairie I,ong-Tcrnl  Icologico]  Research
(I .1’1;1<) site, 8 k,)] south of Manhattan, Kansas (39”9’N,
96°4f)’W). This location was mainly chosen for its gr:isslands,
mcdcratc topog~aphy, strong scasonai  clima(e forcing, and
proximity to a research organization for logistical support [i$ell-
ers e/ d., 1992]. l’he  average annual pl-ccipitation in the area is
835 mm. The site is a dissected plateau, with level upland<, and
steep drainage zones. I’hc vegetation of the Kon?a })xai!ie is
ctominatcd  by Gl grasses and shrubs. ‘1’hc usLlal trcatlncn[s
include grazin~ and burning with various annual rotations,

in unburnecl areas, there is a gradual bui]clup of Iittcr  o]
ctcad vegetation inside the grass canopy. After sevcrai ycaTs the
dead vegetation transforms into a detritus or pcaty material
and forms a thatch Iaycr over the soil surface. Ihring rainfalls
this layer accumulates water and acts as a good absorber in
microwave frequency [.$chnm<~qe  CI al., 1988]. In burnrd  areas
the fires with varying frequency have an impact on the gr:iss
prairie biota by removing the accumulation of the dead plant
material and exposing the soil surface. I’hc burned and Llrr  -
burncd  grass canopies are treated difl’crerrtly in hydlok~gical
models bccaLlsc  the existcocc  of thatch underlying [he grass
causes significant biophysical  control over the cn(ire  area by
reducing the soil evaporation and sensible heat cxchanr,e be-
tween the top grass ]aycr and the boundary layer. 1’IIc study
area has been forthcr stratified into 14 ditl’ercnt strata buI nccl

and unburned prairie on diflerent  topographical positions,
crop]and,  anti woodcct areas. In classifying the site, it was found
that topography plays an important role in defining the land
cover, drainage, and runofl’  areas [Ihrui.r et al., 1992].

AIRSAR  Measurements

‘i”he main objcctivc  of the AJRSAR  rneasurernents  OVCJ the
Konza l’rairic  grasslands was to study the feasibility of using
active microwave backscattcring  n]casurerncnts  to monitor the
surface soil and vegetation moisture variations. I’hc SA}< data
were acquired over the FIFF, study area during the intensive
field campaigns, There  were SAR flights over the site during
the sumrncrs  of 1985 (prc-FIF1i  experiment), 1988, and 1989.
In this Study wc have concentrated on the data from the 1989
i n t e n s i v e  field carnpaigo  (II~C 5). l’hc A1fWfL1< systcn)  is
aboard the NASA DC-8 and operates at three flcqoencies  (}’,

“1’nhlc  1. Cllarwlcristics  of’ thu J]’] All< S/\l{ SysIcnl

AI RSt\I{ [’:!ran]ctcrs Value

Ircqucncy (1’, l., aml C“ bandi) 0.44,  1.23. and 5.3 G}lz
1’01ari7 ation 1111, Itv, WI ,  Vv
Sw’atll width 8.5 knl
lncidcncc  angle :Icross swath 15°-60’
Range piu.-l size 6.(1 [11
Azimuth  pixd six l?.  ? Ill
Number of range sa[nplt, s 1?so
NLmdwr  of a?’imutb Saniplrs 1024
Nmninai  altitude 8 km
Platform NAS/1  1)(:-8
- . .

JI’I, M I’repulsion 1.:tboratov;  M}<, syntht  k aprr t ure radar.

1., and ~ bancis). q’bc charactc]  istics of the system and the
rcsolotic)n of SAR images a~e given itl ?’able 1.

l’hc All{SAl< data have been processed and calibrated using
calibration constants derived from SAT< flights over a calibra-
tion test site in Glifornia.  l’hc image is averaged over 16 looks
in orclcr to rcducc  the speckle and is given in a frarmc of 1024
pixels by 1280 iincs which covers an area of 8.5 km X 12.5 km
[var~ Zy/ CI d., 1992].  }igure  1 shows the F] H{ study area and
the AI RSAR flight lines, l’he irna~c quality of thr Jet Propul-
sion Iatroratory AIRSAR  system has been improved since the
time of cxpcrimcnt.  l’hc  new 16 look processing proccdurc,
calibr[iticrrr tcchniqLJes, anti er~hancerncnt of the frame size arc
among the factors that have contributed to the improvement of
the AIRSAR  im;iges, In Plate 1 a color conlI)ositc of the
AI RSAR image over the FII; H study area  is sb[)wn.  q’hc as-
signed colors arc red for 1,-1111  (I. band. transrni[ horizontally
and receive horizontally), green for C-IIV  (C band. transnlit
horizontally and rcccivc ve~lically). anti b]Lle for ~-~111 (~~
ban(i, transmit horizontally and rcceivc horizontally). l’hc im-
age clearly illustrates the sensitivity of the 1.-band and C-band
channels of the SAR data to varioLts vegetation treatments
(burned and grazed) and soil moisture conditions. Further-
more, tllc draio:igc  charrncls and areas with woody vegetation
artd agricultural flclcls can be idcntifkd  with brighter returns in
all channels.

3. l’o])ogr:lI)llic  Correction)
I“hc tonal changcofthc  SAR irl~agcsisrcla~cd  tothccorrl-

bincd eflect of the radar g,comctry, terrain features, and the
terrain topography. In areas of high relief where large varia-
tions of the surface slope and aspect exist, the local incidence
arrglc  calculation bccorues  erroneous and may have confourrd-
ingcffectson tltcirlteritrct:t  tionanci  cl{lantit:itive:ina lysis of the
SAR data. in particular, irltt)cnl:ijc~rit)of the nlodclsirrlula-
tions of the SAR data over vcgctatcd  areas the underlying
~round surhicc  is treated 2LS flat (i.e., hori~ontal).  ‘1’hcrcfore
the correction of the SAR data for tilted surfaces bccomcs
important formodc] validation and paran)ctcr  estimatior~ [van
Zylef al,, 1993; //i/l.seef  al., ]988].1’hc  cffcctof topographyor~
the SAR data can be descri[]cd in tcr[lls  of cbangcs  in the local
incidence angle which in turn translates into changes of S:i Ill-

pling scattering area and antenna pattcrrl  distortion.
During  the AIRSARdatti  calitrration  a flat Iarth assunlp-

t ion isuscd tocalculatctbc radar  look anglc.l’his assUnlption
causes  errors in the radiornetric calibration of the SAR. For
small relief areas and Iargc radar look angles (greater than
20”), the czilibration  errors duc to the flat Earth assumptiorl
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Figure  1. Geographical location of the l;ll;l. sludy area and tile DC-8 flight lines during the 19S9 intensive
ficlcl campaigns. -

can be ignored.  I’he flat F,ar(h assumption can also alter  the
antcnn;{ pattern renloval dllrirlg the processing and radion]et-
ric calibration, In this C:ISC,  topographical  changes On  tbc ~arth
~Llrfacc c:ln cause Iargc errors in the near-range angles of thC
:;AR image bccallsc  the an[er]na  pattern pointing is alSO  ~

function of the incidence angle.  When the topographical
changes on the sLlrface within the radar  sw:ith becomes a si~-
nificant fraction of the r:td~r p]lltforn] (aircraft) altitude, the
look angle variations within the antenna beam can bccornc
Sig[liflcarlt.  I’he rCslllts of thC calibration s[udy conducted by
W?rr Zy/ et al. [1993] shows that the topography  can cause large
errors in the near range and snlall errors in the far range. II]
the FIFI~ experinlent,  because of the snlall relief of the tt2S( SitC

(total local relief is approximately 200 m), the etl’cct of topog-
raphy on the antenna pattern removal for the off nadir inci-
dence angles can be ignored. Because of these errors and the
fact that the test site falls in the rnidcllc of the AIRSAR  image
(30°-550 incidence angles), the near-range pixels of the images
arc not considered in the further SAR data analysis. In this
study, the only topographical correction performed on the
SAR data is the removal of the effect of the local incidence
angle variations on the c:ilibrated  backscatter  signal. For this
correction we usc the digital elevation map (DF.M) of the stLldy
area.

l’he 111’.M  was produced by the (J.S. Army Corps of Fmgi-
nccrs  with 10 m horizontal resolution and then resarnplcd  to 30
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];i~ure h. ]>igital ekvalion map (I) EM) of the Korrza Prziiric study area and the tic poi]lts LISCCI  to
coregislcr  I>EM with the AIRSAR  image. l’he map covers an area of 15 knl X 15 km with 30-nl rcsolu{ion,
‘J’hc reference plane is 300 n] above sea Icvcl anti tile highest elevation is 507 m above sea level,

m by local averaging to smooth the higtl-freqLlcncy crl[)rs
[/kvi.$ cl al., 1992]. lo correct the CJTCC[ of the topoglapl]y,
fi’’lt, the images are transformed [0 gfounci  range which Ie -
)::. )vcs the distortions in t])e near range, ‘J’hen, the digital
Clcvation  map provicicd over the FIF}{  study area is sLlpcrinl-
POSCd On SAR images using tic points to conq>cnsatc for the
difference between the IIEiM pixel siz.c (30 m) and the SAR
image (6 X 12 m). I’hen, the corcgistcrcd  DI; M iofor!nati(m,
which is rcs:lnlpJcd in SAR pixcJ si~,c, is used to Ca[CLIlaIC  the

krcal incidcncc  angle for cacb pixel of the SAR datzi. Figures  2a
and 2b show the I>I;M and tbc SAR ima~cs and the tie points
u$cd to corcgistcr  the two images.

~hc local incicicnce angle is calculated by taking into ac-

Count  the radar platform gcornctry  (allitudc  and attitude).
Working with the coregis[ercd  image, which rcprcscnts  the
l)EM grjd overlaid on the SAR inl:igc, wc calculate  the nclrnlal
tO tllc p)arlc of the grid. This is done by first assunling  a p]anc
which is for(ned by [hrcc  points  surrourldirlg the pixel un(ler
Consideratio n and calculating the Vcc[or N norlnal [o this ptanc
(1’igurc 3). I’hc local incidence angle is calculated by formin~
the do[ product of the range  “Cctor R and [hc vector N. T hc
fo]]crwing expression describes the re]ation  between [})c cosine

of the local inciclcncc arrglc and the r:lciar gcc~rnctry :incl the!
surface elevation

R.N

C“s “ = I1{IINI
(J)

whctc  01 is the local incidcncc  ar]glc, ]]{] is the range distance
to the pixel, and INI = 1. Note that t]lc ctloicc of the points to
form the vector N will not inffucrlcc ttle corllpLltation of tbc
local incicicnce angle because of the resolution of the DIM
and tllc fact that the local topography varies snloothly from
pixel to pixel.

I’hc dcr ivcd local incidcncc  angle wrriations  over the test site
arc used to form an inlagc with tllc s:lnlc resol Lltirrrl as the
AI RSAR image. I’bis image is then LISCCI to corlcct  the scat-
tering  arc:i by assLlmirlg a plane W:IVC  illunlination  of the sur-
face area, as illostratcd  in FigLlrc 4. I’IIc SAI< images  arc
consequently corrected by using t}lc following sirn~jlc correc-
tion algorithm:

sin 0,
rr:<)r = C# -.

srn 0,
(2)
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Iiigure  2b. ~-band  cross-polarized (l IV) image acquired by AIRSAR  over F’111’. stucly area and the tit!
points used  to corcgister  with I)I,M.  I’he nul,)bcrill,g of the tic points correspond to the points on I) I:h’t

where O,

(F’igurc  2a). -

is the radar look angle for the flat I:ardl  assuml)tion,
clerivcd from the original  S-AR image. I’hc scat ter ing area
cmrection  discussed here agl ees with the proccdrrrc  dtwiscd by
VOM Z,vl [1993] for the top[>graphical cnlihration  of SAIL  in-
ages.

~’here are other algorithn]s  that can bc employed wbcrl cor-
recting the SAR data for topogl aphic etl’ccts [72ilk)(  C( nl.,
1985]. In developing these algorithms, varioLls models for the
radar backscatter  variations with respect to (11c incidcncc  angle

arc assumed. Ilrcsc models vary depending on the surface
features (vegetation and roughness conclition). l’hcrc[t)rc  the
performance of each algorithm is atso a fLlnction  of the land
USC. in the simple technique employed here no spccitic nlodcl
is assumed for the radar backscattcr;  thcrcforc  the cot lcction
applies uniformly over all types of land use. 1’o show the cflect
of this correction on the data,  tbc ditl’crcncc of the corlccted
and original HII backscattering  cocflicicnt  at I, band and along

an arbitrary range line is plotted in F’igorc 5. I’hc er~or due to
the local incidence angle variations c:in excccd 2 cIB depending
on the tilt angle of the sLlrface. ‘1’hc correction for topography
eftccts  therefore proves to be importarrt  when the backscatter
data are used for parameter estimation.

4 .  IIackscattcr  Model
Nlorlcl  J)escription  and Results

I’hc backscattcr  moclcl for the .gr:iss canopy is illustrated in
I;igurc 6. I’he canopy is modeled as a layer of discrete random
rncdi:i, consisting of grass and thatch, over a homogeneous
ground plane  with a rough interface. I’he grass blades arc
modeled as thin dielectric disks of elorlgated  elliptical cross
section. I’bc thatch L]sually consists of water mixed with dead
vegetation. ‘1’hc dead vegetation, having very low water content
and, conscqucntly,  very small dielectric constant, is not in-
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Figure 3. I’iltcd  scattering area from the SAR irnary g! id
caused by variations in surface elevation.

eluded in the rrmdcl coruponcnt.  I’he water insicle the thatch
layr Llndcr wet conditions can bc apprrrximatcd  by a coiicc~it)n
of water droplets of thin disk shape [Saatchi ef al., 1994]. I’he
underlying soil is assomed  to be a honmgencOLls  dielectric biilf

space, I’hc soil boundary is considered as randonl  rou~b sur-
face with Gaussian corlelatior~ function which is defined by rjns
height and correlation length. A small pcrlutbation  rrmtboci
(SPM) is used to approximate tbc backscattcring  from the soil
rorrgil surface [Ulaty et al., 1982]. The canopy rnoclel also

includes an orientation distribution of grass blades sLlitablc for
gI ! s canopies [Saaff+i d al., 1994]. l’his allows one to accoLlnt

for the variations in the canopy structure which takes piace as
grass glows. In a similar study, a two-layer modei was used to
show the absorptive propcr[ics  of the thatch Iaycr and its effect
On the hackscatler  and emission from tbc canopy as the wa(er
content of the tilatch layer changes [Saufchi ef al., 1994].  11(’rc
wc consider the ti~atci] and glass  blades are mixed anti C1O IIot
form two distinguished iaycrs.

I’ilc backscattcrirlg  cocflicients  from the canopy arc ob-
~:;r~cd by using distorted Born approximation (lJ1~A) [~.f~W
,}ld .$idh[(,  1983]. By empioying  this tccbniqLlc,  tile exprcssioIl
for the radar backscattering  coefficient rcciuces to the soil ser.
face and vegetation contribLltions.

7 0

6 0

‘i
; 5 0
-w
2

4 0

3C

2 (

——-

FIFE 89
/

S,\ A’f’C}il 1,”1’ Ai ,,: iX’I”]hfAT1ON 01 CANOIIY WAI’1”1< CDN’I’I,  N”l’  F R O M  SAR
25,487

2 0 30 40 50 6 0 7 0

___——— . — -
5 — .

I

FIFE 89
4-

3 -

2 - ”

::” > + : & + - -

00’0
+-.

-2. .

4.

1- 4

-5-- –-”–”—{--—””–l ----1_.-+--..--t - -  b

2 0 30 40 50 60 70
bed Incidence Angle (@@c)
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Figure 6. Geometry of scattering model for Iaycr s[ancling grass ancl thatch over roL!gh soil sLlrfacc. Grass
blades arc modeled as long cilipticzl  tbili disks.

o
=  U;eg + U;o,,‘canopy ( 3 )

According to the model the vegetation contribLlti(nl CaII bc

further decomposed to several scattering mechanisn~s among
whic}l  the volume and surface-volume intcractim]  tfrms play
the dominant role. ‘I’he vegetation component can thcrcforc bc
written as

0=0 o
~vtg ~vol + ~wrf-vol (4)

Dcperrding  on the type of vegetation canopy, the weight of
each term in the total backscattcr  mayvary. For example, for
soybean canopies, because of the orientation an(f densily  of
leaves the volume scattering term is dominant. Wflerc:is  in
grass c:inopies, due to the vertical orientation of b]adcs  or
stalks, rcspcctivcly,  the surface-volomc  scattering tcrln  contrib-
utes significantly to the total backscattcring  cocflicictlt.

T’hc analytical expression for each individual contributing
tcrmis given in ternlso fsizean ddistributio  no ftl)cvcgctatirsn
components (scatterers) in the canopy and the.ir rcl:itivc pcr-
mittivity [Saafchi ef al., 1994]. The backscattcring  c<mflicicnts
also depend on the incidence angle. and the polarization of the

tlansn)it and receive radiation. 1’o simulate the SAR data over
vegetation canopies, the copolarized  (}1[1 and VV) and cross
polari?,cd (IIV) are calcLllated.1’hc  objective is to i!wcstigatc
the impact of canopy water content variations (bcitlg due to
either the chan,gcs in thatch water content o] tllc vegetation
growth) on the !jAR backscatter  data. WC only concentrate on
the results of the nlodel  sirnulatioos  and refer the reader to the
above mentioned references for detailecl dcscriptitm  of the
model.

~’o simulate  the .$AR data, wc C}IOOSC a set of parameters
which arc typical for grass canopies under invest iga(i[~ns, q’hesc
parameters are estinlated  by using data obtained  from ficlcf
measurements during  IflITEi. l’ab]e  2 summarims the m o d e l
input parameters and their  nunlerical  values fot the Konza
l>rairie grass canopies.  For burllcd  grasslar~ds (notlliitclI) t h e
parameters of the thatch  ~aycr are set to zero. 7’he angle
orientation of grass blades are defined by a probability distri-
bution function which assumcst hatgrassb  ladesarcoriented

uniforn~l ybetwccn0°and4F from thc~ axis. ”1’hisdistribLrtio
func t ion  isuscd for all n~ociclsirl~Lll;lti[)r~s  in this stLldy.

1’o illLlstrate the cfl”cct of the thatch layer and the gcner[
behavior of the radar backsci~ttcr signal wi[h respect to th
incidence aoglc, backscatteriog  ccrefiicients  are plotted for a
polarimtiorrsat  I-band and  (’-barlci frequcncicsin Fi.gore7
and 7t~, rcspcctilre]y.  ~'tlcvC)[Lllllctl  ics(Jil  nloistLlrc  contcrltuSC
in tbc model simulations is 10%. Iigorc  7;1 shows that th
r:idar response to the thatch Iaycr at I.-band frcqLlcncy  is nc:
ligible and the backsc:ittcr  signal is mainly dLlc to the scatterin
from the gr:iss blades and the soil surface. in fact, by arralyzin
various scattering componentsat  l. b;ir)d,  we find that the mo:

sigrlificant contribution to the total backscattcr  is dLIC to th
soil sLlrfacc scattering. l’hc vegetation scattering contribLltio
becomes import[int only at high incidcncc angles (greater tha

Table  2 .  Model

Pararnctc]

npL)t Parameters

value

Gra  M
Illadc rr]ajor axis, cl]]
ltl:idc minor axis, cnl
Blade thickness, mm
I:iycrthick[]ess,  cnl
Black density, (#/n]’)
131acle  permittivity  (1 -band)
IIlade perllliltivity  (C-band)

7/1[11(}1
Water dmplct radios, cn]
I)roplct  thickness, mm
l)roplct  density (#/n13)
I)roplct  pcrl]]ittivity  (1 band)
I)roplct  pcrn]ittivity  (C band)

.Soii
Surface rms height, cm
Surface corr. length, cn]
Surface pcrmittivity  (L band)
Surface perrnittivity  (C band)
——— . — .  —  .  . . -  _ _ _ _

40.L
0.2

50
90(1

20.2 + i6. i
16.7 -1 i5.4

1.0
0,05

2.0 x IOf
83,2 + i7. f
72,0 + i28

1.0
5.0

5 , 7 2  -1 iO.15
s.57 + iO.62
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I~igurc 7, S i m u l a t i o n s  o f  bacliscattcring  coc!llcicnts  OICI
burned (11) anti urlburrlcd  (~JI;) grass canopies at (a) 1, bal~ci
anti (b) (2 banci.

~! ‘!. As a rcsuit,  the 1,-b:inci backscattcr  cia[a wiii bc nlorc
su; rabic for monitoring moisture anti roughness variability of

the surface in grass canopies than vegetation parameters. At (’
band, however, the nloisture  stored  in the [h:itci~ iaycr IIIaLCS

the Iaycr more absorptive and attenuates the incoming anti
scattered waves in the canopy. l’his attenuation reduces  the
backsca(tcr  signal for HH and IIV components, For VV com-
PorlCnt  the ctl’cct of the [batch is significant oniy for near-na(]ir
incicicnce angic. As the inci[icnce  angic increases, the vertically
t~olarizeci nlcan  wave insi(ic the canopy becomes paralicl  to ttl~
# MS blades  which in turn  produces more absorption from
grass b]acics than water dropiets.

In the ncxl exanlp]e the sorfacc,  voionlc, ami surface-voiulnc
Contriblltions at C band are piottcd  (Figure 8). ]t is fOU1l(i ttl:it
because of the shape and orientation of grass biacies the don~-
in:int sc:ittering  n}ccb;inisnl from the grass layer is the srrrface-
volrrmc irrtcraction.  I’he volume scattering term bcccmlcs conl-
Parabic  at higher incidence angics where the attenuation duc
to vegetation reduces the surface-voiume interaction cornpo-
“::’nts. I’he direct surface contributiorl  becomes irnporl:int  in
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l’igure  8. IIiustrations  of scattering n~cchzinisrns  contribLlting
to tbc totai  backsc:ittering  cocllicient  for (ii) 11}1 poiariz:itiort,
(b) IIV  prriari~atirrn, anti (c) VV polariT:ition.

the copolarizcci  terms, whereas for cross-poiari7.ed return, this
con~poncnt is sm:iii because of the vc]y snlail depolarization at
the rough grounci interface. Note that both the surface scat-
tering  rnocicl (small perturbation metilod)  and the DIIA are
approximate sirlgle-scattering  theories ;ind may prociuce iOwCr
absoiute  vailies for cross -poiarizcd  backsc:ttter  terms. I’o sim -
uiate  the correct absoiute  Ievci of the cross-polarizcci  backscat-
tcr, the mmici can be improved by inciudirrg the second-order
m~iitipie-scattering interactions [Srxrtr-hi e~ al., 1994:,  Karflt~r et
al., 1992].

I’hc effect of the canopy water content on tbe backscatter
radar sign:il is illustrated by varying the canopy parameters
(e.g., density anti size of grass blades) in the model in order to
simulate difl’crent states of vegetation growth. Calculation of
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[his parameter in the model is cond Lictcd by using all Clnl)irical
cxpl cssit)n introduced by Schmti<qy  t~l~d Jm-kwnl [ 1 992].

W,:,,)<),),  = ( p,,v,/H,, + p,,,,l~,,,,m ,,J)d (5)

where lVC,,,,,)~,Y is the net canopy watc~ content (gfass plus
lhalch)  in kilrr~rams pcr S(lOilrC meter (kc~nl:), I’hc (0[;11  w’atct
in the canopy is written in terms of the grass and thatch pa-
rameters.  l’hc paramctcm  arc i(icntificd by subsmip( b for
blades and wrl for water droplets in the thatch. in (5), IJ, V, m,
and d stami  for density of scatlcrcrs  (#/n] 3), volume of a single
scattcrcr (m~), moisture content of a single scat~crcr (kg/m~),
and the canopy height (m), rcspcclivcly.  l’hc Val LICs of )nh  =

0.5 and r?l ~,,, = 0.98 arc usccl in empirical rncrdcls to calcLllatc
tllc Lticlcc[ric constants of blades and water ciroplcts [Ul~//~y a)lci
k’/-Ray$,.$,  1987]. Nolc  [hat in (5) wc have [ISSUI))CL!  that ttlc

grass and thatch water droplets crccLIpy a single glass Ia!cr  with
thickness d. In reality, as described in sec[ion 3, the thatch
layer is Oflcll  forrncd under the grass  hiycr  covclillg  [lIL’ soil
surface. }Iowevcr, since we arc intcrcstcd  in the trulk quantity
of tbc water in the canopy, wc have assumed grass bla({cs and
water droplets are  mixed in onc layer.

Figulc  9 shows the C-band backscattering  cocfliciettts  111 I
and llV for 40° incidence angle in tcr)ns of tbe Carl(lpy  waler
con(crrt. In both cases the backscatter  CI-OSS section incl-cases as
the amount of water in the canopy incrcascs.  For a cross-
pokrri~cd term this increase in the backsca[tcr  sigrlal is corl-
tributcd through the s~lrface-volurnc  in teract ion tcrnl.
Whcrczis in the case of the copolarizcd  cross section (including,
VV), both volLIn)c and surface-volume tcrrns arc irn},or Ernt.
‘f’hc level of the backsca~ter  signal in both cases is also deter -
rnincct by tbc soil surPacc parameters. For burned or (\ry  LIII  -

burllcd  conditions where  the ctlect  of the thatch is removed the
prcdictccl  radar bactmca(tcr  signal is higbcr than onburl,ed  wet
canopies, In this case, a ctircct cxtrac[ion  of the water content
from the absolute value of the backscatter  ctala n~ay rtsult in
wrong quantities. ]n the next section we introduce a con] bina-
tion of backscattering  coctlicicnts  which recluccs tile impact of
thatch and soil par:imetcrs  on the estirnatiorr  tcchniqLic.

Morlcl Validation

3’llc grass c a n o p y  model  d i s c u s s e d  in this sectjor) h a s  b e e n

validated by using scatteron)eter data over the Korwa Prairie
glassland  by Sante/ij et al. [1994]. SAR backscattc]  data arc
extl-acted from the areas where  ground nlcasurcrllcrlts  are
available, Table 3 strrnrl]arizes the canopy characteristics cx-
tractcd  from tbc }JIIF1  Information System (F’lS) [.$cllcr.} e~ al.,
1992]. ~’hcsc parameters have then been translated inr{) input
parameters ncccssary  [o run the rrrodcl. Note that  since at each
test plot only canopy  arid litter  wet arid dry biomass, canopy
height, and soil n]ojsture  aregiverl,  wc arc not able to set all
thcinput  para[nctcrsin (Ilc nlodc]. lIowcver,  byassun]itlg  that
the gconlctry  of the grass carlopy is fixed and only the number
density, canopy height,  and the nloistllre  ch;ingc, wc c:, rl pre-
dict the backscatter  data with reasonable accuracy.

I’able 4 shows the SA~.extracted  data arid the m{,dcling
results, ~’hc measured backscatterir]g cocffrcier)ts al  (’-band
frCqLICrlCy areaveraged over anareaof5 X5pixcls. Iorboth
11}1 and VVthccornp:lrison  bctwcen  the theoretical and the
measured backscatterirlg  cocrlcients  is satisfactory (within 2
all}). T’hc IIV term, however, is undercstinlated  by tllc model
foralltest plots. l'hiserror can bcattributed totl~ree  factors:
(1) the single-scattering theory used in the model for Sround
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Fixurc  9 .  IllLlstration o f  backscatterirlg  cocflicicnts  dLlc t o
cbangcs  in canopy water  content at C banli and incidcncc  angle
of 400 for (a) }111 pol:irir:iti(~n and (b) }IV polilri~ation.

ar]d vcflc tation  scattering is not a good approximation and a
rnultiplc-scattering theory is needed for a reasonable predic-
tion of the 1 IV terlns;  (2) the errors  duc to the radiomctric
calibration of the IIV channel of the SAR systcm is lCSS accu-
rate than the Copolarizcd terms; and (3) the pixel locations of
the test plots cannot bc identified exactly on tbc SAR image. In
addition, the hetcrogcncity  of the surface is not taken into
account in the model; thus the 5 x s rrvcr:iging  of the SAR data
may cause more discrcparrcy between model results and SAR
cktta. Ncvcrthelcss,  the comparison indicates that given all
uncertainties in field measurements and nlodcl input paranlc-
ters, the model simulation is reasonably CIOSC to the measured
d;ita.

5. Inversion Algorithm
}Iaving cstablistrcd  the fact that both the copolarizcd  and

cross-polarixd radar cross sections a’re sensitive to grass water
content and/or biomass cb:ingcs, wc explore the possibility of



SAAT(’IJI }“1’ AI .: I s ’ I 1 M A I 1 O N  01 CANOIJY  WATIR  (’ON’I”  INl I Roh’t S,\[t

‘1’ill)[C  3. Canopy  lnf’ornlation  fixtr’;tclcd from IILIx Si l t s
-.

Staliun

90(>
910
911
916
944
.

Wc [
llion)~lw,

ghn~

584.7
2723.1

681.2
448,7
350.(,

270,3
1535.1
357.7
233,3
121.8

\vL’1
IJiorr):lw.

_ _  #rr)2

19,(1
2(S9.8

4.7
2s.9
13.1

1 )r,v
lll(~rilaw,

gl,,,~

14,9
219.4

3,()
ml

9.6

25,8
33,(1
29
~~ -1. . . .
27,9

cstimafirrg the grass water content over the Fll;l.  slody area by
“$;.l~,  t}lc SA1<  data,  ]n this section wc develop an invcrsi{m

algcrrithrn hasecl 011 a cross-polarizccl  backscattcr  model which
is a simplified version of tbc moclcl dcscl-ibed in the prc\,io L]s

sect ion.  A s  m e n t i o n e d  ear]icr,  the most  s ign i f icant  scatlcril]g
mechanism in cmss-polarimd  radar rctorn over gtass canopies
‘is the surfact’-volumc scattering component. _f’his com]mncnt  is
also dependent on the soil surface moistorc  conicnt  and rouS,l~-
ness. ‘J’hc expression for this tcrrn is qLlitc cornplcx and irl -
clLrcfes many morfcl inpot parameters [Sna[chi (’l (II., 1994]. in
fat:.  for this rc:tson, analyzing tbc bactiscatter  return over
na~ural  grass carropics is more  involved thil JJ other sIrLlct Lircd
agricultural crops.

Onc way of estimating canopy pararnctcrs  of grasslands is to
usc a nonlinear inversion algorithm based on optin]izati(~n
techniques (e.g., least squares) in conjunction with ttm baC!i-
sc:iltcr moricl and as many charrncls of the SAR data as p(M-
sib]c [Moghmkianr rrnd Snrrfchi,  1993]. In this paper, hoivcvct,
wc dcvctop a more direct approach to estimate tbc caI)opy

wa:cr content with only t}lc SAR C-band polarimctric  LIa Ia
~.rorn modeling escrciscs  of the prLNiOLIS  section we have

tcarllcd that tbc 11}1 anct VV backscattcring  coc!hcicnts  arc in
gooct agrccn~crlt with SAR dat:l, Wbcrcas  the }IV backsc;ittcr
is ttndcrcstimatcd  by [hc n]Lxicl frrr reasons discussed carlicl,
I:urtllcrrnore,  both terms arc also a function of the soil sLlrf:lcc
paT:lJrlCtcrs. l’hc  rcso]ts i]lostratcct in ~igurL! 9 ~[SO  in(iicatc

that even thooqh t[]crc is a orl~. [o-orle relationship bc[wccr)
b[rckscattcrir]g ~ocflicicnts  arid Ihc carlopy water contcnl,  lllc
prcscncc  of Wet thatch  ir] grass c:]nopics n]~ly cause an erlor irl
:- .:rrnining  the canopy water content from the absolotc  va]LIc

Oi the backsc:ltter.  ‘1’hc  prescr]ce  of wet thatch makes the
C:inopy rl]orc absorptive a n d  rCdL]ccs t h e  backscattcr lc\Fe]

While the C4J10py  water content has increased.
7’0 eliminate the cil’cct of the soil sL)rfacc contribution] ar]d

the thatch, we study the cross-polariz,cd ratio of the [IV oJcr
}1} I b:ickscattcring  cocflicicnts.  I:igLrre 10a illLrstrates this ratio
at ~ band for three levels of surface moisture. I’his ratio

appca  Ts to bc indcpcndcnt  of the sorl’acc soil moisture ar]Li
varies nonlinearly with respect 10 the canopy water corltcnl.
l(or values higher than 1.8 kg/nl?  [hc ratio saturates and is no
longer a onirluc fLlnction  of the canopy water content. In rc-
latin~ the cross-poiarizcd  ratio to the caJIopy wtitcr content, wc
have also taken  into account the etl’ect of thatch. l’hcrcforc
onc merit of this ratio is that it can bc applied cqoally over
bLlroed  and urlbLlrncd  caoopics.

Another pararnctcr  wtlich illtlocnces  the cross-polarized ra-
tio is the surface roughness. l’ig,urc l(ib shows the changes of
the cross-polar izcd ratio for tbrcc  Icvels of the surface roLlgh-
ncss. l’hc eilccl  of the sLlrfacc roughness appear-s when there is
no vegetation (wa[cr  contcnr  less th:in 150 ghll:). This result
agrees with the findings of 01/  e/ al. [1992]  from rough surface
rnodcling aild sc:ittcromctcr  obscwations.  For bare and IOW
vcgclatcd  surfaces, cross-polarized ratio increases as the sur-
face nns height incrcascs. }Iowcvcr, okmr vegetated areas and
aI higher frcq Licncics (J.2 band), as soon as the vegetation
biomass or water crrntcot  incrcaws,  the cross-polarized ratio is
no longer cktcrmincd  by the sLlrfacc roLlgbncss.

lly cx:irnining  tbc analytical expressions for the numerator
and cienomi nator  of the Cross-polarized ratio, we can simplify
the ratio to the following approximate expression:

(6)

uhcrc 1 I anti V arc the horizontal iind vcrtic:il pol:irization  of
the incidence and scaltcred  fields, rcspcc[ively,  T,, and TL, are
the attenuation cocfflcicnt  of the carwpy for fl and V poklr-
i?:itions. :ind d is the canopy thickness.

I’hc atlcnLliition cocflicicnt  shows how fast the incidcncc and
scattered v,avcs attcn  Llatc wbilc propagating throLISh  the carl-

opy which, in this case, consists of grass ancl thatch. I’hc coef-
frcicnt y is ;I scattering factor which is a function of gfiiss blaclc
and thatch pzir:imctcrs, backscattcring  an~ptitLldcs averaged
over the siz.c and oricnt:ition  distribLltiorls, and the density of
scatterers. l~oth the attcnLlatiorl coeflicicnt  :irrd  the scattering

I’al)le 4.

Statiurr

906
9ttl
911
916
944

Comparison of SAR BackscattLr  Ihta With Grass Modrl  Simulations

SAR I)ata (C btill~i) Model SinluiariLm
-.

ElII, Vv, Ilv, 1111, Vv,
dLl dtl dIl dIl dli

-8.3 -10.9 -20.4 -9.8 -12.3
-.9,9 -128 - to.i -8.1 - 11,6
-8.9 -13.2 - 18.8 -10.2 -14,3

-10.7 -13.5 -21.0 -11.0 -14.8
-8.4 –12.9 -20.8 -9.9 -13.0

—.

dll

-27.6
-19.9
-28.0
-30,0
-27.3



25.492 SAAI’C’111 l:’I’ ,11.: F,s’I’IMA’1  ION 01: (’,.\ NOI’Y W,\’I 11< ( ’ON- I l,N”I’ I;l{ohl SF\l<

0.01

-1o-
b
-15-

-20-
3

:-25-

5 - 3 0

1

- 3 5 -

- 4 0

0

0.1
Canopy Wam Content (leg/rr+)

0.1 1
Canopy Water Conlen[ (kghn2)

and diclchct[ ic cons[ ant (WC Appr  Ildi.~). Ily s(lnlc l~l:ltll~’[ll:itic:ll
nlanil~ulatiol]  it can bc rc’:idily shown [hat the optical thickncm
(altrrlu:l[i(m c[)Ltlicicnt  t imes canoIly  Il}ickncw)  can bc rcwr il-
tcn in terms of canopy water C[mtcn[ Ii’ (the same as ll’.,,,,,),,})
as IOllows:

7,,(/ = k/i,, [i’ S~L’  f) (s)

where 1/,, is a !rcq  Llcncy indcpcrldcnt  qLlantily  and is a function
of  the canopy type [Schm[{KrK’ and  .l~l[kso~f. I 992].  I:r[m) t Iw
analyl  icat forll~ of lllc scattering anl[~litLldcs it is obvious that
(8) cannot bc ctcrivcd [Il:ltllclll:ltic:lily and il can bc c(lnsidcrcd
as a scmienlpir  ical fornlLlla  w h i c h  rc]atcs  tbc atlcn  Lutlion
tllroLlgh  vc~~,etati{)n  to the onloLint of water in the vcgcta[i(m
[W(d))’ (’1 (/1., 1986],  T’tlc’ Const:lnt B,, for II polarization has
been cstima[cxi for various vegetation canopies from n~casure-
mcnts  of the optical thickness by .$dml[(~~c alld.lwk.wll  [ 1992].
“1’hcy  found that fur many types of agl icultLlral ctops  this valLlc

o

10

Firwrc  10. Illustrations of cross-rXiari7cd backscattcr  ratio.
VcrsLls  caIIopy  water  coJlte I]t dLIC to (a) ch:inges in the surf are

soil nloist Llrc and (b) changes in surface roLlghncss  parameters
(1, correlation  lcn~th; s, rms height).

factor y depend on the cliclcclric  constant of scatterers whi(b
in tur[l is related to the canopy water  content,

3’o relate  tbc various components of the radar backscattct
rnoclcl  in (6) to canopy parameters, we start by exan]inins  tile
relation between the attcnu:]tion  cocfic.icnt and the Ca[IOIJy
water content according to [he I)13A b:ickscattcr  model. ‘1’his
relation can bc expressed as

27r(pWd  im ~~’j) + p, in] u!”))
~p=.

k COS t)
( 7 )

where k is the propagation constant of the incidcncc  W: WC, P,,.,,
and p{, arc the density of tIW wa(cr  drop]cts and blades  in tlic
canopy, U’l’) stands for the ensemble average of the forwal d
scat ter ing ampl i tude  for po]ariz:][ion  f) E {11, ~}. I’hc for-
ward scattering amplitude in the physical optics approximation
is proportional to the square of the propagation constant and
ciin bc written as a function of the scatterer size,  orientation,

can he approximated by a single comstant. F’or grass canopies
Iwwcvc], this assLln)ption was no Iol)r,cr valid. I’hry attl  ibLl[cd

this discrepancy in” grasslands to ~hc ci~cct of the thatch
bLtildop.  Iron] the modeling excrciscs  that have twcn prc-
scntcct here, wc concl Lldc that in addi[irrn to the eilcct  of
thatch, tbc gc[mlctry  of [hc canopy, Whi Ch CaLISCS  thC SLlrfOCC-

VOILIII)C  scat te r ing contribLltion, i s  a l so  a  s ign i f icant  factor .

‘1’hc  nLlnlcrical valLIcs 0111,, for If and V polarizations can bc
obta ined  flom model sinlLllations. I’o estirnatc  B,,, first wc
compute the canopy water cootcnt  from canop~ parameters.
‘1’he water con[cnt  JV is tbc dillcrcncc  of the WCI  biomass anLl
dry biomass of tbc canopy and can bc exptcssed  in terms of the
pi:int parameters as in (s). By L]sing (8) for the optical thick-
ness. we can predict the general behavior of~l, over a range of
irtcidcncc  angles, l’his behavior is sirrlilar to [hc analytical cX-
prcssion  given in the Appendix and it indic:ttes that over a
range of incidcncc angles (30”- 50 °), B,, can bc approximated
by a constant. _f’hc constants for horizontal  and vcrlical  poklr-
iz.atio[]s arc 11,, = 0.0084  and 11), . 0.0036, respectively,

Next, wc dcterrnirtc  the fLlnctionat dcpcnclcncc  of the Scat-
tering  factor  y in terms of frequency, incidcncc anrjc, and
canopy w:itcr content. Ily norlnalizing  the cross-polarizc[i  ratio
in (6) by c ‘1(” (I - ~- (’f{- ‘i J’()/( T,, T,) and u s i n g  a  least
sqLlarcs fit to the remaining fLlnction.  wc find the following
furlctionat  dcpcndcncc  for -y:

~ . ~ 14’~
(9)

d

where A is a frcq Llcncy independent constant which serves a
dust porposc  in this fornlulatiorl, 0[) the OIIC hand, it adjLlsts
for the iibSOILl[C calibration error that nlight bc present in Ihc
SAR data for the cross-polarized tcrln :Irlcl, on the other  hand,
it compensates for the abso[Lltc error in the I)IIA  rnodc] for the
cross-polal  ized terms  by not taking  into account the nlultiplc-
sc:ittcring  contributions. Since the calibration ertor is assumed
s m a l l ,  A can bc cstirnatcd  by forcirlg (6) to fit ttrc nmdcl
simulations provided that [hc scconci-order  nlLlltiptc-scat tering
contribLltiorls  are included in the forrllLtiatiorl [I,arl<q a~fd SOa[-
chi, 1993; Kor(ttn ct al., 1992]. For a singtc-scattering model, A
= f).14, and for nlultiplc-scattering adjLlstnlent the value Of A
is estimated to be 1.62 over 30°-500 ran~e of incicicmcc angtcs.
Jly con~bining  (6), (8), and (9), we c a n  r e w r i t e  tt]c cross-
polarizccl ratio as

d v— = 3.05 W Cos o ( 1 - f,-’] ’”)4~*’v’” “)(~- ‘][]OS4L”” ‘cc “
U!lll

(lo)
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Figure 11. Comparison of simplifkl and original SilllUlii-
tions of cross-polar ized rat io with respcc(  to crinopy water
content. I’he corlcctcd  ratio inclLldcs  the second-order niulti-
plc-scat[cring  factor.

Iiqualion  (If)) approx imates  the funct ional  forlll of the cross-
pohrrimcl ratio with respect to the canopy water content. I’i/:-
urc 11 shows the original cross-polarized ratio, the simplified
and corrected versions. l’he simplified and corrected curves
corl-cspond to the single-scattering (A = O.14) and nlultiplc-
SCat tcring cases (A = 1.62), rcspectivc]y. I’hc corrccteci C:ISC
is uscci to retrieve the c:inopy water content W.

Ilavirrg  cstabiishcd a simplified model for the cross-
Pt’:  Iriz.cd ratio, we shall now invert the model as given in (10)
tO estimate the canopy water content. As discussed earlier,
bcc:ilise of the roLlghncss of bare sLlrfaces, similar vaiLlcs of the
cross-pokiriz,ecl r:itio can be measured by the radar. ‘1’herefore
the estimation of the canopy w:iter conlcnt  is only meanirigful
When bare and vcgct:ited  surfaces arc separated. 1’o achicvc
lhis ohjcctive, wc Llse the copolarized  backsc:itter  r:itirr of III I
over VV. From radar observation and modeling results (SI’M)
it is found that for the range of incidence angles 30”-SO”,  the
c(’’’.>larizcd r{itio is less than 1 over bare rough surfaces and
g -lter than or equ:il to 1 for vegetated surfaces [CM C( al.,
1992]. Figure 12 illustrates the changes of the copolariz,cd ratio
in terms of the canopy water content. As the water content
excccds 150 g/n12, scattering from vegetation dominates and
the copolarizcd  ratio becomes an inciicator for separating the
btirc soii sLlrfaccs from vegetated surfaces.

~’hc proccdLlre for estin)ating  the c a n o p y  w a t e r  COIltCnt

therefore involves two steps: first, the copolariz.cd ratio is Llsed
tO identify the vegetated surfaces, and then the cross-polarized
1.’110  is used to directly invcrl (10). As an example for the
IIIirdcl  inversion, we use the polarimctric data extracted fronl

the SAR image over the test plots and estimate the c:inopy
water content by directly inverting (10). I’able  5 gives the SAI<
data :irrcl the measured and estimated canopy water contents.
~’he measured quantities are obtained by adding the diflcr-
cIICCS  of wet and dry biomass of grass and litter in l’able ~. We
used the site coordinates (latitude and longitude) and th~
AIRSAR navigational Global positioning system  informatiorl
!fi approxirl)atelY locate the sites on the inlage and then used a
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Vigurc 12. Illustration of copolarizcd  ratio versLis  c:inopywa-
tcr  content.

S X 5 pixel average aroLlnd  the center location of the site to

extract the rncan and vari:ince of the SAR-backscattcred  data.
‘1’he averaging over 5 X 5 pixels helpeci to recluce errc)rs due to
the misregistr:ition  and provided areas large enough for conl-
parison  with the ficld  measurements over the test plots.

For test plots 906, 911, 916, ancl 944 the values for canopy
w:iter  content are close to the threshold value that separates
bare and vegetated surfaces for the C-band radar. I’hc estima-
tion erlors for these plots arc larger than plot 910 whicii has
denser vegetation. l’he  average estimation error from all sites
is approxirn:itely  16%. Since there is no accuracy requ irerncnts
set for vegetation parameters during the F’l Ffl experiment, and
we do not have access to any sensitivity analysis of models (e.g.,
hydrological or soil-vegetation-atmosphere interaction nlod-
els) that require canopy biomass or water content as an input,
a rigoroLls assessment of the estimation accuracy cannot be
achieved yet. Ncverthetcss,  we compared our result with the
natLlral wiriabiiity  of t}lc canopy water content for the FIFE
site by obtaining the mean and stand:ird  variation of the can-
opy w:iter  content n]casurcmcnts  for each test plot over the
entire FIFE  study area. I’hc percent coefficient of variation
(ratio of standard deviation over mean) is plotted against mean
canopy w:iter content in Figure 13. l’hc  scatterplot  suggests
that the natural variability of vegetation is high during the early
period of the growth, due to the patchiness of the grass, and
Icss when the grass is fully grown. Nevcrthclcss,  the field nlea-
surcmcmts  seem to illustrate that the standard deviation of
glass  water content on the ground is much higher than the
error in the estimation. I’his implies that the estimation results
fall within the range of the water content measured for each
field, A better understanding of the accuracy of the results
requires more  test plots within the area covered by SAR image.

I’he  algorithm is also applied over the entire image to esti-
mate the canopy water content variations over the FIFE  study
arcti and to examine the large-scale operational capiibility of
t}le algorithm. Plate 2 shows the color-coded image of the
estimated canopy water content. The  color assignments are
chosen based on a linear scale and are illustrated at the bottom
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of Plate 2. Pixels which arc coded by purple. irlue, and white
correspond to areas of agricultLlral fields and dcl)sc woody
biomass. Ovcrall,  it seems that tbc water contcrll  values over
tbc site arc lower than average for this region. ‘I”bis is dyc to
the fact that 1988 and 1989 were considered dry years with
moderate to low vegetation growth compared to previous
years. Comparison of the resLrlts  with the veget:iti(m cover map
of the site shows that regions that have been gtazcd  ardor
burned recently can be readily idmrtified in the canopy water
content image [Davis et al., 1992].

l’hc  image displayed in Plate 2 demonstrates the usc of the
SAR data for mapping and monitoring sp:itial or temporal
variability of biomass over grasslands. l’hc  result also corre-
sponds  to tbc TM and SPO1’ NDVI (normalized clitl’erence
vegctatiorr  index) obtained on August 4, 1989, a day after the
AIRSAR  measurement [fIflll et al., 1992]. A visual cfmlparison
of the canopy water content derived from the SAR data and
the vegetatiori  index obtained by optical satellite n~casurc-
ments  suggests that the two techniques arc complementary and
can bc used in a synergistic fashion to monitor vegetation
parameters over a large area and reducing the limitations inl-
posed by either onc considerably [Asrar ef al., 1986].

6. Conclusion
In this paper we have shown that the SAR data can bc usecl

over grasslands for mapping surf:ice parameters. tJsing  C-band
AIRSAR  imagery, we were able to estimate the canopy water
content over the Konza Prairie grasslands. ~’hc inve}sirm tcch-
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kigure 13. Percent coefficient of variation of the canopy wa-
ter content derived fron] the vegetation field nlcasurcrnents
from alt the test plots over the FIFE  study area during the 1!)89
field campaign.
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nique clcvelopcd in this study follows a systematic proccclurc  :
tc) (1) coriccting  the SAR data for topographic cll’ccts, (2
developing a backscattcr  model fur glass canopies, (3) valida
ing tbc mocicl ami sin)plifyiog the formulation for a dircf
inversion, and (4) cstirnaling  thr canopy water  content over th
Fll;Ii stuciy area. l’he major rcsuits  01 tilis study ale sumrn:
rizcd as follows:

1. I’he topograpilic  corrcctiun  of the SAR ciata inciicat(
that even over smail to mcciium relief areas, variations of til
surface c]cvation  can cause erlors in the r:iciiorne[ric caiibr{
tion of the SAR data by changing tile cll’ectivc scattering arc
and the antenna patteln  point ir)~:

2. ~aCkSCattCr  modeling of grass Canopies Suggest tilat sol
face-voiomc scattering n~echanism is dominant in cros:
polarized return aoci contributes significantly in tile copolal
izcci retuln. I’his s c a t t e r i n g  n]rchanism  corries infornlatio
about the soii surface and vegetation cal)opy. l’hc  cross
polarized ratio, however. is indepcmienf  of the surface s o

n~oistL]rc  anti is a fLlnction of the canopy water content fc
va]ocs above 150 g/n12 when the surface roLlghness  eflCCt  I

rcduccd  consicicrabiy’. l’hc copolarized  ratio is also a functio
of the canopy water content aoci surface rou!;ilncss and can b
used to separate the birrc an(i vegetated surfaces. In genera
this ratio is less timn 1 for bare  surfaces anti greater than 1 fc
vcgetatcci surfaces.

3. A simple nlodci i]as been developed to relate tile cross
polarized  ratio to the canopy water content. q’his model ha
been employed for the rctricwri  of the canopy water contcr
f r o m  tile polarimctric  SAR data at C ban~i,  T’hc invcrsio
aigorithm  has been impicmcnte(i  over tile entire SAR image
and a map of the canopy water content over the l;ll:l. stud
area has been obtained, I’hc SAR-rctricvcd  canopy water cor

tent  a,grccs with field mcasurcrncnts,  lIowcf!cr, ti]c accuracy c
tbc rcsuits  c:innot  bc assessed for two reasons: (1) there arc nc
enough test plots within tile region covcrcxi by tile AIRSAI
and (2) the reciuircrncnts  for tbc accur:icy of this for any of til
hydrological or ccosystcrn mociels, to our k[Iowlccige, are nc
estai)lishcd  yet.

4. For iow vegetated areas tile estinlation  of tile canop
water content from the inversion algorithm is crroncoos.  Thi
is due to the f:ict that scattering from tiw soii rough intcr~~c
dominates the totai  backscattcrirlg  coctTicicnt. I’o improve th
accliracy of the estimation over ti]csc areas, other ci]anncls  C
the SAR system, raciar-s with higilcr frequency of opcmtio
(c.g., x band), and optical remote sensing data can bc used.

Appendix
ln tbc b:ickscatter  model discussed in sections 4 and .5, th

optical thickness is given in tern]s  of forward scattering ampl]
tudcs  of grass biadcs  and water dropicts.  l’hc canonical shape
used for blades  and water droplets are thin disks. Since thcs
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Plate 2. Canopy wa[er  content retrieved from C-t):ind SAR data over Konza }’rairic gr:isslands  by using
copolarizcd  and cross-polarimd  information ancl th( inversion algorithm.

disks arc clcctric:]llY thin at I.-t];lnd and c-band p o r t i o n s  of t h e w h e r e  ~;jc,(ti, t) is the low frcq Llency or  d ipo le  approxinlatiorl

spectrum,  quasi-static techniques can bc LISed  to find applox. for the tltin disk and .~(d - f) is [he Iooricr transform of the
imatc e x p r e s s i o n s  f o r  (t]c sca([crirl~ amplitud~s  of the scatkr- sbapc  f u n c t i o n  of the d i sk  [1.c~m e~ al.,  198s].  F o r  t h e  t h i n
Cr s .  I’~or a (bin cl[ip[ic:ll disk (the  major and minor  aXiS  Of tbc disk the low-frequency approxim:ition  factor is given by
disk arc Iargc compared to its thickness) the scattering ampli.
tilde for a general bistatic  dircc[ion  can bc expressed as ,

~;,(ti, j) ~ W;; 1)7

[

E,-l

f,)q(d,  i )  = f;q(d,  i)s(ti  - i) (Al)
(b’ Q)--e (fi”o)(fi”q) 1 (A?)r
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where h is the unit vector normal to [hc  so Ifacc of’  the ciijk and

j’] und q arc the polarization vectors for the scnttcrcd  and
incidcllcc  fiC]ds,  rcsf)cctively. ‘f’hc SbapC  fidC(CSr,  j(d -  f) i s

given in terms of the E3csscl function of the first crrcfcr [Saafchi
et al., 1994], For the forward scattering amplitodc  (ti ~ 1) the
shape fac[or  reduces to the area of the disk. Elcluatiolj  (A2)
also rcciuccs to a simple expression in the forward scattering
direction by using the horizontal and vertical polarization vec-
tors. After simplification the forward scattering amplitude for
thin disks can bc written as

/k’(&,-  l)V
f,,}=  -  “-4n

[
I-&r :l(h’ p)’

1
(A?J)

r

where V is the volume of the scatterer. I’hc above equation can
bc simplificci further by assuming that (E, -- 1 )/.zr :- 1. I’his

. . .
approxm~atlon IS valid for green Icavcs since for a wide r:]rlgc
of frcqucncics  (including C band), the real part of the dielec-
tric constant S, is large  compared to 1. By this assumption the
quantity inside the brackets becomes independent of frequency
and the size of scatterers.

When calculating the optical thickness inside the canopy, the
forward scattering amplitudes of the canopy compoltc]lts  arc
averaged over the orientation distribution. By using the expres-
sion (7) and including only onc type of scatterers, wc can relate
tbc optical thickness to the canopy parameters using (A3).

‘pv*:’-(&’-)’)  [1 - ((n. p)’)]
‘f’=  --”-2 coso

(A4)

where Im (.) stands for the imaginary part and ~) inciicatcs the
ensemble average. By comparing the form of (A4) with expres-
sion (8), we notice that the quantity inside the brackets is equal
to the frequency independent J3,,. The quantity 101 (e, - 1 ) is
directly related to the volumetric moisture inside the blade.
~’hc relationship between the dielectric constant and the Ic:if
moisture is nonlinear [Ukrlry ef al., 1986]. In this study uc have
assumed a linear relationship between the Im (E, - 1 ) and the
voltrmctric  moisture inside the grass blade.
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